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Photocathodes play a critical role in a large variety of applications, from detec-
tors in medical imaging to electron beam sources for fundamental science. Via the
photoelectric effect, photocathodes emit electrons in response to light of sufficient
energy. Three important characteristics of photocathodes are quantum efficiency
(the fraction of incident photons that generates emitted electrons), lifetime (how
long the cathodes are operational), and emission uniformity. Coating a photocath-
ode with an atomic layer of cesium dramatically improves quantum efficiency, but
the inherent fragility of this layer worsens lifetime. The design and testing of a
cesium rejuvenation system which prolongs lifetime will be presented, and a con-
trolled porosity design which could improve emission uniformity will be discussed. A
new method of mapping quantum efficiency will be presented. The initial results of
testing cesium auride will be discussed, as they show the cathodes have surprisingly
high quantum efficiency and the potential for very long lifetime.
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Chapter 1: Introduction
In the search for intense and long-lifetime sources of electron beams, photo-
cathodes are promising, but still fall short. Photocathodes, materials with favorable
photoelectric emission, already play a critical role in large variety of applications,
from being used as detectors in medical imaging to being electron sources for fun-
damental physics experiments.
Einstein won the Nobel Prize for his theory of the photoelectric effect in 1921,
but by no means was the understanding of photoemission complete at this point.
Explaining why some materials are much better photocathodes than others is to
this day an active area of research, and is crucial to moving from the historical
approach to photocathode design of mostly trial, error, and luck [1] to one based on
fundamental physical principles.
Three important characteristics of photocathodes are quantum efficiency (the
fraction of incident photons that generates emitted electrons), lifetime, and emis-
sion uniformity. Higher quantum efficiency allows more charge to be extracted for a
given drive laser, or conversely it allows the same amount of charge to be extracted
with a lower power laser. Photocathodes have limited lifetime due to changing con-
ditions on the surface. Increasing photocathode lifetime allows for greater up-time
1
in experiments, so there is a strong emphasis on research on this aspect. Emission
uniformity is important when the quality of the electron beam matters.
In this dissertation we will discuss our research on making more efficient pho-
tocathodes. We have developed a new cathode design which dramatically increases
lifetime while maintaining emission uniformity. And we have pioneered a quantum
efficiency mapping technique which allows us to directly measure emission unifor-
mity.
1.1 The Photoelectric Effect
To provide context for these advances, we will begin with the photoelectric
effect. First observed by Hertz in 1887, the photoelectric effect challenged the pre-
dominant wave theory of light [2]. In addressing this issue, Einstein developed a
quantum theory of light, wherein light can exhibit particle-like properties in cases
such as the photoelectric effect. This, along with de Broglie’s suggestion that par-
ticles can exhibit wave-like properties (later verified experimentally), led to the
wave-particle duality central to quantum mechanics [3]. Einstein’s theory of the
photoelectric effect follows directly from the idea of quantized light and explains the
elementary aspects of photoemission.
The theory depends on two parameters: one from the incident light, and one
from the cathode. Each particle of light (photon) has an energy hν, where h is
Planck’s constant, and ν is the light’s frequency. Some electrons in the cathode will
absorb one photon, increasing their kinetic energies. If a photo-excited electron has
2
sufficient energy, it can escape from the cathode. The cutoff energy, below which
there is no photoemission, is dependent on the cathode, and is called the work
function, Φw. So the upper limit on the kinetic energy of the electrons that escape
is:
K = hν − Φw (1.1)
As the key players in the photoelectric effect, photons and electrons set the
energy, time, and length scales. Planck’s constant is 4.136 eV·fs, where 1 eV is the
amount of energy an electron gains after moving across a potential difference of 1
volt (1 eV = 1.602 ×10−19 J) [4]. UV, visible, and IR lasers are the typical light
sources, with wavelengths between 200 and 1000 nm. With the relation c = λν,
with λ the wavelength and c the speed of light in vacuum, this wavelength range
corresponds to frequencies of between 300 and 1500 THz (periods around 1 fs), and
energies of between 1 and 6 eV. Work functions of bare metals are typically between




with numerical values for the units indicated. For example, λ = 532 nm would
return 2.33 eV.
Einstein’s theory explained the challenges to the classical theory of the pho-
toelectric effect, but it is not complete since work functions are determined exper-
imentally. Additionally, even with light of sufficient energy to overcome the work
function, not every incident photon results in an emitted electron. The ratio of the
number of emitted electrons to incident photons is called quantum efficiency (QE),
3
and its value depends on the cathode material. There has been vast improvement
in electron emission theory [5], but understanding QE from basic physical principles
is still a fundamental goal of photocathode research.
1.2 Quantum Efficiency, Lifetime, Response Time, and Materials
















I = (# electrons out)e/(unit time) (1.4)
P = (# photons in)(photon energy/unit time) (1.5)
with e being the electric charge, λ the laser wavelength, photon energy is hc/λ, and
hc ≈ 1240 eV·nm. The last expression in Eq. (1.3) returns the value of QE, which
is unitless, when the numerical values for the parameters are input for the units
indicated (e.g., a wavelength of 532 nm would be input as 532). QE is reported as
either a fraction of 1 or a percentage. For bare metals, QE is typically on the order
of 0.01%.Photocathodes made of specially coated semiconductors can have QEs on
the order of 10%, but are often short-lived, whereas bare metals are long-lasting [6].
The low QE of metals (and the higher QE of semiconductors) is well explained
with Spicer’s three-step model [7], which can be seen in Figs. 1.1 and 1.2. The first
step is optical absorption. Many electrons are reflected from the surface of a metal
(up to near 40%). Reflectivity causes a dramatic decrease in QE as defined here. One
4
must be careful when comparing commercially manufactured photocathode data, as
they will sometimes remove this reflectivity from their definition of QE, resulting
in a misleadingly higher number. Photons that are not reflected are absorbed at
some depth from the cathode surface, characterized by a penetration depth and
exponential decay. The penetration depth is on the order of the light’s wavelength.
In the second step, electron transport, the electrons that absorb a photon
travel in a random direction. So roughly half will be going in wrong directions,
away from the surface. In metals, there are many free electrons, so there is a very
high probability that a photoelectron will scatter off one or more. How much en-
ergy the photoelectron loses depends on how direct the collision is, with glancing
collisions causing a smaller energy decrease. In most instances, neither the scat-
tered photoelectron nor the secondarily excited electron will have sufficient energy
to escape from the cathode. For semiconductors, electron-phonon scattering is dom-
inant, resulting in a relatively negligible decrease in electron energy; this is where
semiconductors’ high QE comes from. This higher QE comes at a cost. Since the
electrons can scatter many times, some will take convoluted paths to the surface. So
whereas metals have response times to incident light on the order of femtoseconds,
semiconductors can have emission tails in time going up to nanoseconds. In RF
cavities, which typically operate at around 1 GHz (period scale 1 ns), the emission
tails can be problematic when those delayed photoelectrons encounter suboptimal
accelerating gradients.
In the final step, escape across the surface, the electrons need sufficient energy
to overcome the energy barrier between the cathode and vacuum. Electrons with
5
Figure 1.1: Photoemission in metals. Some light is reflected from the surface.
Electron-electron scattering is dominant, reducing most photoexcited electrons to
below the effective work function Φ′, which is reduced from the work function due
to the applied field (Schottky effect). Image from J. Smedley [8].
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Figure 1.2: Photoemission in positive electron affinity (PEA) and negative electron
affinity (NEA) semiconductors. Some light is reflected from the surface. Electron-
phonon scattering is dominant, so more photoexcited electrons can reach the surface
with energy either above the band gap Eg plus the electron affinity Ea for PEA
semiconductors, or for any energy in the conduction band for NEA semiconductors.
Image from J. Smedley [8].
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less energy than the work function can escape due to the Schottky effect of effective
work function lowering and quantum tunneling through the potential barrier. In
the modified Fowler-Dubridge model for metals developed by Jensen [5], one can see
the three steps:







with reflectivity R, a scattering factor F dependent on penetration depth δ and
scattering rate (relaxation times) τ , and a quadratic dependence on the difference
between photon energy hc
λ
and the effective work function Φ′w. Note that QE is
wavelength (λ) dependent.
Semiconductors can be split into those with positive electron affinity (PEA)
and those with negative electron affinity (NEA). NEA cathodes can have the very
long emission tails discussed previously, since any electron in the conduction band
that makes its way to the surface can escape, no matter how many collisions it
suffered nor how convoluted a path it took.
1.3 Photocathode Materials and the Importance of Cesium
The details of electron emission depend greatly on the choice of cathode mate-
rial. A plot of QE versus lifetime can be seen in Fig. 1.3. We see that cesium based
cathodes have a higher QE, but a lower lifetime. A sub-monolayer coating of cesium
can reduce the work function of many materials, such as tungsten as shown in work
from UMD in Fig. 1.4. Cesium is the most electropositive, naturally-occurring el-
ement. As can be seen from its position on the periodic table, it has one valence
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electron which is greatly shielded from the nucleus by filled electron shells. With
this loosely held electron, a cesium atom can form a dipole on the cathode surface
which acts to effectively lower the local work function (within a few atomic radii).
Other alkalis show this effect to a lesser extent since their valence electrons are not
as well shielded and thus form weaker dipoles [5].
Depositing increasing amounts of cesium will continue to lower the local work
functions up to a point where cesium atoms are packed close enough to interfere with
neighboring dipole moments. The optimum coverage is typically between 50 and
60% of a monolayer. This behavior is well described by the modified Gyftopoulos-
Levine theory developed by Jensen [5].
The reduced lifetime of cesium-based photocathodes is due to the inherent
fragility of the submonolayer coverage of cesium. Contaminants in the vacuum
system can quickly deplete the cesium layer. As a rule of thumb, at a pressure
of 10−6 Torr due to a single element, a surface in vacuum will be exposed to a
monolayer of that element every second. At 10−7 Torr, this would be every 10 s.
Not every element or molecule will stick to a cathode surface, but this is still a
useful guideline for considering contaminants. The lifetimes in Fig. 1.3 have been
normalized to 1 nTorr using this rule of thumb. There are other factors which reduce
lifetime, namely ion back-bombardment, wherein positive ions are accelerated into
the cathode surface by the same fields which accelerate electrons away∗.
∗Subsections 1.1-1.3 are taken, with minor modification, from the author’s unpublished paper
submitted for his M.S. and advancement to candidacy.
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Figure 1.3: Quantum efficiency vs. lifetime for several photocathodes. Lifetimes
have been normalized to 1 nTorr. Other lifetime-reducing effects are not not nor-
malized, because contamination is presumed dominant [9].
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Figure 1.4: Quantum efficiency vs. cesium coverage on tungsten for several wave-
lengths. The experimental data are points and the lines are theory. 100% coverage
corresponds to 1 monolayer. The QE is highest for the highest photon energy 375 nm
light, and is successively lower for the longer wavelength lights [10].
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1.4 Electron Beam Quality Parameters
1.4.1 Emittance
A key figure of merit for discussing the quality of an electron beam is emittance.
Emittance is a measure of the compactness of the position-momentum phase space
{x, y, z, px, py, pz} occupied by the electrons in a beam [11], and can be split into
its transverse and longitudinal components. A beam is defined as a collection of
particles with one velocity component much larger than the other two. If we say
the electron beam is traveling in the z direction, then the total momentum of an
electron is p ∼ pz. Focusing on the transverse directions x and y (see [12] for the
longitudinal direction), we can then define a trace space {x, y, x′, y′} where









and similarly for y′. Note that phase space and trace space are sometimes used
interchangeably in the literature.
There are several definitions of emittance, so we will define precisely what we
mean by emittance here. Namely, we take effective emittance in x to be
εx = 4
√
〈x2〉〈x′2〉 − 〈xx′〉2 (1.9)
and similarly for y, with units of mm-mradians. The factor of 4 and further discus-
sion of emittance are in Appendix A. To compare beams of different energies, it is
necessary to normalize these emittances by multiplying by βγ, where β = v/c, v is
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the speed of the electrons, c is the speed of light in vacuum, and γ = [1− β2]−1/2.
An ideal electron beam would have all the electrons moving with the same
velocity, as shown in Fig. 1.5, which would correspond to an emittance of 0. Real
beams have emittances greater than 0 which are at best on the order of 1 mm-mrad.
Nonlinear forces on the beam will increase emittance over time, so the intrinsic
emittance at the cathode limits the final quality of the beam.
1.4.2 Brightness
Increased brightness is a key advantage photocathodes have over thermionic





where I is the electric current. Photocathodes can have brightnesses 3 orders of
magnitude greater than those of thermionic cathodes. As with emittances, normal-
ized brightness (to compare beams of different energies) uses normalized emittances.
From the definition of brightness, we see that increases in emittance cause decreases
in brightness. Brightness is a measure of how dense a beam is; emittance is a
measure of how well collimated and compact a beam is.
1.5 Outline
In the rest of this dissertation, we will discuss photocathode materials, fab-
rication, and testing. Chapter 2 will discuss the fabrication and testing of cesium
auride. In chapter 3 we will detail a novel technique for making maps of quantum
13
efficiency. Chapter 4 is about a new photocathode design made in collaboration
with Calabazas Creek Research which has been shown to have long lifetime and
an incredible degree of robustness. Conclusions and plans for future work will be
presented in Chapter 5.
14
Figure 1.5: An idealized beam (configuration space shown) would have an emittance
of 0. Real beams have transverse distributions which vary over time and have
emittances greater than 0. Image from Kevin L. Jensen [13].
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Chapter 2: A Hybrid-Diffuser, Controlled Porosity Dispenser Photo-
cathode
2.1 Introduction
For many metals and semiconductors, a submonolayer cesium coating lowers
the effective energy barrier to vacuum, thus allowing electrons to escape more read-
ily. However, this coating tends to be very short-lived, which limits its usefulness.
A cesium rejuvenation system has previously been shown to work with sintered
tungsten powder photocathodes [14], prolonging the lifetime of improved electron
emission by replenishing the cesium coverage as needed. While the cesium rejuve-
nation system is promising, before it can be tested in a system which requires an
electron source, the rate at which cesium leaves the cathode needs to be determined.
If this rate is too high, then one needs to worry about cesium contamination of other
parts of the system, like an RF cavity. Ideally, the cesium flow rate would be just
enough to replenish the cathode surface.
Traditional sintered tungsten cathodes are made with tungsten powder, and
their density can be controlled by adjusting the powder grain size. However, there
is no fine control over how the powder sinters together. As such, two cathodes with
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the same density can have significantly different porosity and thus different cesium
flow rates. This random porosity can also lead to non-uniform coverage of cesium
on the cathode surface, which leads to non-uniform electron emission.
To address this issue of non-uniform cesium coverage, several methods have
been developed to make controlled porosity dispenser (CPD) photocathodes, but
these have been impractical for wide use. A new method [15], based on research
from over 50 years ago, is very promising. Tungsten wires are sintered together,
and then a cross section of these wires is taken to be used as the cathode. As can
be seen in Fig. 2.1, these cathodes have a uniform pore distribution, and the pores
have the same shape and size.
Predicting the cesium flow rate through a single pore is enough to predict the
rate through the whole cathode. Deriving a scaling law for the cesium flow rate’s
dependence on cathode diameter, individual tungsten wire diameter, length, and
temperature revealed that temperature is the dominant factor, and that the flow
rate would be orders of magnitude greater than the flow rates of sintered tungsten
powder cathodes.
After these calculations, we decided to construct the hybrid-diffuser cathode
assembly seen in Fig. 2.2. The cesium reservoir is capped with a sintered tungsten
powder cathode, followed by a small mixing region, and then finally a sintered
tungsten wire cathode. We wanted the powder cathode to limit the cesium flow
rate, while the wire cathode distributed cesium uniformly across the surface.
We tested this design using a prototype built by Calabazas Creek Research,
and the results were very encouraging. We were able to cesiate the cathode sur-
17
Figure 2.1: Controlled porosity dispenser photocathode [15].
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Figure 2.2: Hybrid-diffuser controlled porosity dispenser photocathode [16].
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face, and replenish the surface as needed after many partial leaks to atmospheric
contamination. The cesium evaporation rate from the surface was three orders of
magnitude less during cesium rejuvenation than the rate when just using a sintered
powder cathode. Lifetime is estimated to be 30,000 hours.
After performing all our planned experiments, we took the already activated
cathode out of the vacuum chamber, and let it sit in air for 9 hours as we worked
on the QE test stand. We reinstalled the cathode and followed standard vacuum
bakeout procedures. When we heated the cathode, we saw photoemission again.
In this chapter, we will discuss the models used to design this long-lifetime,
hybrid-diffuser cathode with a cesium reservoir. We will then detail the experiments
we performed. The novel technique to determine the uniformity of electron emission
will be discussed in the following chapter.
2.2 Designing and Modeling the Controlled Porosity Photocathode
2.2.1 Knudsen Number
Standard Knudsen theory (created in 1909, for a review, see [17]) can model
the flow rate of cesium through thin pores. Specifically, this theory is only valid if
the mean free path (MFP) λMFP of the cesium is much larger than the cross-sectional






needs to be much larger than unity [17]. Since the Knudsen number will only be
used to ensure that the theory is applicable, an order-of-magnitude estimation is
sufficient. If the cesium is assumed to be an ideal gas, then the mean free path can






≈ 2 km (2.2)
with Boltzmann constant kB ≈ 10−23 J/K, temperature T ≈ 103 K, cesium hard
shell diameter d ≈ 1 nm, and background pressure p ≈ 10−8 Torr ≈ 10−6 Pa. The
mean free path is much larger than the pore size of about 4 microns, so Knudsen
theory can be applied.
2.2.2 Derivation
The mass flow rate Q, through a pore of cross sectional area A, with atoms
of mass M being absorbed and re-emitted from the interior surface (or wall) of the
tubes S, can be given as a function of the differential surface area dS, the differential
cone spherical angle dΩ, the flux F (z) into the wall S a distance z from the end of
the tube, and the distribution in angle from the normal, f(θ). These parameters
can be seen in Fig. 2.3, for a cylindrical pore.
Determining the mass flow rate entails a series of integrals [19]. Before getting
to the results, the key assumptions of the model should be emphasized. With such
a long MFP, the cesium atoms are assumed to not interact with each other nor
collide. They travel in straight lines until they hit the wall, where they are reflected
diffusively. So the reflection follows a cosine law from the normal to the wall. Also,
21
Figure 2.3: Identification of parameters used to determine the mass flow rate for a
cylindrical pore. (Courtesy of K.L. Jensen [13])
22
the cesium atoms are approximated by a Maxwellian distribution of velocity.





dΩ F (z)f(θ) (2.3)









where PA is the perimeter of the pore. p(T ) is the cesium pressure as a function
of temperature, and will be discussed later. From this equation for Qpore, useful
scaling laws can be derived.
2.2.3 Scaling Laws
If pore area is kept constant, then the only two other spatial factors are perime-
ter and 〈cosψ〉A. Table 2.1 shows the independently calculated values for circular,
triangular, and square pores keeping area constant. To be noted is that triangles
and squares are not rotationally symmetric, so the integration across ψ depends
on their orientation. The integrals could be averaged over all orientations, but it
is easier to use two extreme cases and average them. A triangle pointing up and
one pointing down were used, as were a square as shown and one rotated 45◦. As
can be seen in Table 2.1, the numbers do not change very much, which is to our
knowledge a new result. So for many situations it would be acceptable to use a
circular pore for calculations. In the case of these CPD cathodes, the pores are very
well approximated by triangles for more precise calculations.
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h 4 
〈cosψ〉A 0.849 0.836 0.853
PA 1 1.29 1.13
Table 2.1: 〈cosψ〉A and perimeter PA for different pore shapes of equal area.
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If R is taken to be the characteristic size, e.g., the radius, of the pore, then





However, this is not the whole story. For an entire cathode with N pores, the total
mass flow rate is
Q = NQpore (2.6)
For a CPD cathode of diameter Dc made with individual wires of diameter Dw, the
number of pores goes like N ∼ D2c/D2w. If it is assumed that Dw scales linearly with






It is important to separate the cathode area from the pore size. The incident laser
light needs to be focused on the cathode, and if the cathode is small enough, the
intensity can thermally damage the cathode. For cathodes made with smaller pores,
the flow through each pore is greatly reduced, but for a fixed cathode area, there
are more pores. If the cathode area is taken to be independent from pore size, then
the strong R3 dependence is lost. What is left is the simple scaling law (2.7) for
spatial factors.
To determine the temperature dependence of Q, the pressure of cesium inside
the reservoir is needed. This is approximated to be the vapor pressure of cesium,
which has been measured, and is
p(T ) = p0e
−T0/T (2.8)
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with empirically determined constants p0 = 1.11 × 107 Torr and T0 = 8820 K












Finally, one can estimate how long a cesium dispenser would last by dividing the






2.2.4 Calculations and Predictions
While scaling laws are useful for determining how parameters affect a system,
it is also important to get an idea for the quantitative scales involved. To do this,
the pores are approximated as triangular with height (not side) h = 4.24 µm and
the individual wire diameter is taken to be Dw = 20.56 µm, as seen in Figure 2.1.
An approximation will more readily allow the comparison of different cathodes, and
make the dependencies of the mass flow rate clearer. This is the same approximation
used to get to (2.7), which is to assume that Dw = Sh, with S = 4.85 being a scaling
factor that is constant as Dw and h change. With this it can be seen that for one
pore, Qpore ∼ h3, but for the whole cathode, Q ∼ h. This is because for a given
cathode area, if Dw is increased, the number of pores decreases, while the flow
through a single pore increases, thus reducing the strong h3 dependence to only an
h dependence.
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From this expression, one can see the dependence on the wire diameter Dw and the
temperature T . Using a cathode of area of 1 cm2, L = 1 mm, and a cesium reservoir
with Mtot = 10 mg gives the results shown in Figures 2.4 and 2.5
∗.
2.2.5 The Hybrid-Diffuser Design
As we can see from Fig. 2.5, for temperatures around 550 K (the activation
temperature for the Cs-Bi compound), the mass flow rate is near 105 µg/cm2/hr.
This is far too high, since this means about 106 monolayers of cesium per hour are
contaminating the vacuum system.
So we choose to use the hybrid dispenser design shown in Fig. 2.2. The sin-
tered tungsten powder cathode placed between the wire cathode and the cesium
reservoir had previously been shown to have a cesium mass flow rate of less than
1µg/cm2/hr [21]. We wanted to use the powder cathode to limit the flow rate of ce-
sium, and the wire cathode to distribute the cesium uniformly across the illuminated
surface.
∗Subsections 2.2.1-2.2.4 are taken from the author’s unpublished paper submitted for his M.S.




























Figure 2.4: Mass flow rate Q and lifetime τ as a function of individual tungsten wire







































Figure 2.5: Mass flow rate Q and lifetime τ as a function of temperature T with




After installing the cathode in our test chamber and following our usual bake-
out procedures, we heated the cathode to over 500◦C for two days, after which we
began to see photoemission due to cesium finally reaching the cathode surface. This
time between initial heating and photoemission is consistent with previous tests with
just a sintered powder cathode [22], where the activation time was around 20 hours.
It takes this long for the cesium to diffuse through the bulk of the cathode.
After this initial activation, the cathode responded quickly to changes in tem-
perature. At room temperature, the vacuum pressure was 5×10−10 Torr. Figure 2.6
shows the QE response of the cathode to thermal cycling at different temperatures.
At 150◦C, there is a double peak for each cycle of temperature. The first peak is
due to over-cesiation of the cathode surface. When the cathode heater is turned off,
the cesium is evaporating from the cooling, but still hot, surface. The evaporation
continues with the cesium coverage dropping below the optimum value, and so the
QE goes through a second peak [23].
When the temperature was increased to 325◦C, the double peaks are more
pronounced. When the temperature was lowered to 125◦C, we see the double peaks
disappear, as we have found the equilibrium point between cesium supply from the
reservoir and evaporation of cesium from the cathode surface.
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Figure 2.6: Thermal cycling of the hybrid dispenser cathode to 150◦C (left column),
and 125◦C (right column). For the top row, the QE is higher for the higher photon
energy 375 nm light when compared to that of the 532 nm light [23].
31
2.3.2 Cesium Mass Flow Rates And Estimated Lifetimes
During the temperature tests, we had a quartz crystal microbalance (QCM)
facing the cathode to monitor the amount of cesium leaving the surface. In Fig.
2.7 we see the data for the experiments shown in Fig. 2.6. The QCM works by
monitoring the frequency of the crystal, and assuming any changes in frequency are
due to added mass. However, the frequency is also affected by temperature, and it
is radiative heating from the cathode which causes the oscillations seen in the data.









































































































































































To determine the total amount of cesium leaving the cathode surface (not just
that hitting the QCM), a cosine-squared dependence on the angle from normal to the
cathode surface is assumed. With the total cesium mass flow rate, we can estimate
the lifetime of the cathode, as seen in Table 2.2. For the equilibrium temperature
of 125◦C, the estimated lifetime is 31,000 hours [23].
2.3.3 Contamination Testing
To test the robustness of the cathode, we ion cleaned the cathode surface for 10
minutes, delivering 100 µA of Ar ions at 5 keV. We then gently heated the cathode,
and QE peaked at 0.08% at 375 nm. The heater was turned off, and the final QE
at room temperature was about 0.06%.
This is the state the cathode is in at the beginning of the graph in Fig. 2.8. A
sapphire leak valve was opened to admit 10−6 Torr of atmosphere into the vacuum
chamber. The total of 110 Langmuirs introduced to the system was composed of
78% N2, 14% O2, 3.4% H2O, 2.6% Ar, 0.9% H2, and 0.1% CO2 as measured by a
residual gas analyzer. QE dropped to 15% of its initial value in 10 minutes.
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325◦C 150◦C 125◦C
Measured Cs Flow Rate [µg/cm2/hr] 6.4 0.82 0.023
Cs Monolayer Flow Rate [ML/hr] 95 12 0.34
Est. Reservoir Lifetime [hr] 110 870 31,000

















































































































The inflection near 0.25 hr is where the leak valve was closed. An ion pump
had remained running during the exposure, so pressure dropped to the nTorr level
in a minute. Over the next 3 hours, there was a slight rise in QE. This is due to the
rearrangement of the cesium atoms remaining on the surface to a more favorable
coverage.
The cathode was then heated to 90◦C. Adsorbed contaminants evaporated,
cesium diffused to the surface, and QE immediately began to recover. Over the
course of several hours, the QE rose to about 0.07%. This improvement over the
QE at the beginning of the graph, which was at room temperature, is due to the
difference in temperature.
After cooling to room temperature, the QE returned to 95% of its initial, pre-
poisoning value. This process of contamination and recovery was repeated multiple
times with the same result [23].
Following these experiments, we removed the cathode, and worked on the test
stand. When we were finished 9 hours later, we re-installed the cathode and followed
our usual bakeout procedure. We heated the cathode to over 500◦C for two days,
then let it cool to room temperature. As it cooled, we saw photoemission again. At
room temperature the QE was 0.03% at 375 nm. When we heated the cathode to
150◦C, the QE peaked at 0.06%∗.




The hybrid-diffuser, controlled porosity dispenser photocathode has done re-
markably well in initial tests. The cathode can recover after extreme contamination
events. The rate of cesium diffusion to the cathode surface matches the cesium
evaporation rate at 125◦C. At this temperature, the flow rate of cesium is only a
third of a monolayer per hour, and we predict the cesium reservoir to last for 30,000
hours.
The work function-lowering property of cesium also applies to RF cavity walls,
so there is an increased risk of arcing if there is too much cesium contamination.
We now have data on the cesium evaporation rates from this cathode, which we can
use when approaching groups to use the cathode in a photoinjector.
An advantage of the sintered tungsten wire cathode is that several cathodes
can be made in one batch of sintering [15], so we are free to try depositing dif-
ferent materials to increase QE. We are particularly interested in multi-alkali and
antimony-based cathodes and want to see if they will work with our hybrid dispenser
design. An osmium-ruthenium coating, such as used in thermionic cathodes, may
increase QE. Gold should also be compatible, since cesium readily diffuses through
it, as discussed in Chapter 4. The emission uniformity of the cathode will be dis-
cussed in the next chapter. This prototype has shown great promise, and there are
many exciting avenues of research to explore.
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Chapter 3: Quantum Efficiency Mapping with a Digital Micromirror
Device
3.1 Introduction
An electron beam’s quality is fundamentally limited by its attributes at the
cathode. The emission from photocathodes can be bright, but not necessarily uni-
form. Quantum efficiency (QE) maps generated by selectively illuminating the cath-
ode surface reveal this non-uniformity. In this chapter a proof-of-principle exper-
iment is described in which a high-resolution map of the QE is generated using a
digital micromirror device (DMD). We show a substantial improvement over the
best results reported for laser raster scanning.
Photocathodes are promising electron sources for high performance free elec-
tron lasers and future accelerator-based light sources [24]. However, no single cath-
ode can simultaneously meet all demands on quantum efficiency (QE), lifetime,
emittance, brightness, and response time. Alkali-based cathodes achieve good QE
and brightness, whereas metals are superior in long life and fast response time [25].
The emittance of the electron beam generated from a cathode only worsens during
transport due to nonlinear forces, so advances in electron beam quality can only be
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driven by trade-offs such as emittance exchange, or by better understanding desired
electron emission properties such as intrinsic emittance and uniform current density.
The initial transverse current density profile is driven in part by the variation
in photoemission (variation in QE) at the cathode surface. Local variation in sur-
face structure, adsorbed contaminants, or stoichiometry can drastically affect local
photoemission. In practice, measured QE is a weighted average over the illuminated
area, with the weighting determined by the transverse laser intensity profile. QE
can be mapped by using a laser spot size smaller than the diameter of the drive laser
used for electron beam generation. If two different cathodes have the same average
QE over the typical drive laser spot size, a QE map generated with a smaller laser
spot size can determine which is more uniform. If the drive laser spot is smaller
than the cathode and there is freedom in choosing the photoemission site, a QE
map of the full cathode can reveal favorable positions for illumination.
QE maps with very small distances (10 nm) between adjacent points can be
measured using photoemission electron microscopy (PEEM) [26,27], but this method
requires either the cathode to be moved to a separate apparatus, or PEEM built
into the system. The latter is not feasible for accelerators. Alternatively, raster
scanning a focused laser spot across the cathode surface can be performed in situ.
QE maps generated in this way are quantified with the laser spot size and the laser
step size. The step size is the center-to-center distance between adjacent points on
the QE map. Spot sizes of 200 µm to 1 mm full width at half maximum (FWHM)
and step sizes of 40 to 500 µm have been reported in the literature [28–32]. More
recent work [32] on in situ laser raster scanning of photocathodes demonstrates a
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71-µm FWHM laser spot and 30-µm step size, but reports a QE map using larger
parameters.
Published practice for raster scanning uses a step size equal to or smaller than
the spot size [28–32]. A smaller step size results in overlap between neighboring
measurement positions, so a QE map generated in this way is smoother than what
would be seen if the spot size could be reduced to the step size. Literature for raster
scan QE maps often ignores this smoothing and uses the term resolution to refer
to either step size or spot size. We will avoid confusion in this paper by referring
individually to step size and spot size rather than resolution.
We report a new method of generating QE maps which uses a Texas Instru-
ments digital micromirror device (DMD). We use the DMD to produce pixel level
maps with a 47-µm FWHM spot size and a 16-µm step size, the smallest of any QE
mapping method yet reported in the literature suitable for in situ measurements in
photoinjectors∗. Other advantages of using a DMD for mapping QE are simplicity
and speed. Our DMD array can be refreshed at rates up to 9.8 kHz.
3.2 Experimental Setup
The measurements reported here use a Texas Instruments DMD “Discovery
1100,” a 1024 x 768 array of micromirrors physically integrated with a control board.
The total size of the array is 14.0 by 10.5 mm. The DMD is controlled by a Universal
∗The idea to use a DMD to map the QE of a photocathode was first demonstrated at
Brookhaven in 2006 [33], albeit with large spot sizes (where each point in the QE map was il-
luminated by a block of 64x64 DMD micromirrors instead of the single micromirrors used here),
but to the author’s knowledge has never been reported in the literature or conference proceedings.
We independently conceived the idea to use a DMD for QE mapping.
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Serial Bus (USB) connection to a Windows PC. The distance between the centers
of neighboring micromirrors (the pitch) is 13.68 µm, which includes a 1-µm gap
between mirrors. Each mirror can be individually flipped to one of two stable
positions 12 degrees from normal via electrodes under two of each mirror’s corners
(Fig. 3.1).
The cathode used for proof-of-principle QE maps is cesiated tungsten of the
controlled porosity reservoir design being investigated at the University of Maryland
[15]. The goal of this design is to increase both electron emission uniformity and
cathode lifetime. The cathode was intentionally contaminated prior to mapping to
partially deplete QE and increase local variation in emission. The chamber pressure
while mapping is 3 × 10−10 Torr. The spatially averaged QE is about half that
corresponding to the ideal cesium sub-monolayer work function minimum [23].
The optical arrangement is similar to that previously reported for beam halo
imaging [35]. A simplified experimental schematic is shown in Fig. 3.2. A 405 nm
CW laser (CrystaLaser BCL-100-405) illuminates the DMD, which is 62 cm away.
The laser has variable output from 3 to 100 mW. The reflected laser light from the
DMD has a 2D diffraction pattern. An aperture blocks all but the central order spot
since the higher order spots diverge enough to be clipped by the 1 inch diameter
optics before reaching the cathode. The central order spot has 16% of the power
incident on the DMD. The transmittance/reflectance of the optical elements are
shown in Table 3.1. The light from the DMD is simultaneously imaged onto the
photocathode and onto a frame-transfer CCD camera. The SBIG ST-402ME model
camera is fan-cooled and has a 765 by 510 array of 9-µm pixels.
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Figure 3.1: Image adapted from Texas Instruments. Magnified view of a DMD. In
the center, a mirror has been removed, revealing the underlying CMOS architecture.
Each mirror can be rotated about the diagonal axis indicated in the image. The
DMD used in the experiment consists of a 1024x768 array of mirrors. To make the
two stable mirror positions correspond to reflecting incident light horizontally, the
DMD is rotated so that the mirror diagonal is perpendicular to the benchtop [34].
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Figure 3.2: A schematic of the experimental setup. The DMD selectively reflects
a small cross-section of the incident laser beam through the rest of the optical
components to the cathode. The camera and cathode are the same distance from
the pellicle, which allows us to deliver 96% of the laser beam’s power to the cathode
and image 4% with the camera. The scale is for the placement, not the size, of
optical elements.
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Table 3.1: Transmittance and Reflectance [34].
Optical Element Transmit./Reflect. (%)
DMD (central order reflection) 16
Mirror 1 89
Lenses 1 and 2 (per lens) 96
Beam Splitter (to cathode) 96




A two lens relay system focuses light on the cathode. Lens 1 (200 mm focal
length) is located 107 cm from the DMD. Lens 2 (300 mm focal length) is located
65 cm away from Lens 1. Both the cathode and the CCD camera are 84 cm away
from Lens 2. The Melles Griot biconvex UV fused silica lenses have an anti-reflective
coating for 355-532 nm light. An individual micromirror or a micromirror group
can be selected to reflect a portion of the laser beam through the remaining optics.
During alignment, the DMD is set to reflect a checkerboard pattern. Lens 1 is
adjusted until the pattern on the cathode is in focus when seen through the imaging
viewport. A pellicle beam splitter reflects 4% of the beam power to the CCD.
With the CCD and cathode equidistant from the beam splitter, the CCD position is
adjusted to find the sharpest focus. Neutral density filters (total of optical density 3)
are used to avoid saturating the camera.
The incident optical power is determined for each QE measurement. The
reflection from a single illuminated DMD pixel is detectable with the CCD camera
but falls below the threshold of our thermopile (0.1 mW). Thus, it is necessary to
use the CCD to measure lower power levels; this additionally allows higher-speed
laser power profiling. The CCD has a pixel response variation of less than 0.3%. The
integrated CCD count is correlated with laser power by capturing the entire laser
spot with the CCD while varying the laser power. Performing a linear fit calibrates
the CCD single-pixel response so that integration of acquired images reveals the
optical power incident on the cathode.
The photocurrent is observed to vary linearly with laser power. This means
that our measurements are not space charge-limited. Since QE is proportional to
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current divided by power, variations in power from different DMD pixels have no
effect on QE. Photocurrent is measured using a Keithley Model 486 picoammeter
in series with the 6 mm diameter cathode and an anode 1.6 mm away from the
cathode. A bias of 160 V is applied between cathode and anode using a simple
series of (nominally) 9V batteries. This isolated voltage supply, as well as triaxial
cable, minimizes noise. The low noise is necessary to permit measurement of the
average 80 pA photocurrents generated when using single DMD pixels.
3.3 Results
QE maps are made with different step sizes by programming groups of DMD
pixels to switch together. Maps using DMD pixel groups of 9x9, 3x3, and 1x1
correspond to step sizes of 148, 49, and 16 µm, respectively. The 16-µm step size
map covers only a subset of the larger step size maps for faster acquisition time. As
shown in Fig. 3.3, the 16 and 49-µm step size maps are sub-averaged to allow direct
comparison to the 49 and 148-µm maps, respectively. The average QE, as measured
using a single 27x27 group of DMD pixels, is comparable: (0.052± 0.001)% for the
148 and 49-µm step size maps. The average QEs of the 16-µm step size map agree
with the corresponding QEs on the 49-µm step size map to within 0.002% QE. These
spatial fluctuations are attributed to the polycrystalline porous tungsten surface of
the cesium dispenser cathode under test.
The point spread function of the optical relay system is obtained by imaging
a single micromirror with the laser. The horizontal and vertical profiles are fit to
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Figure 3.3: Quantum efficiency (QE) maps. Maps in the right column are magnified
by 3:1 compared to their corresponding areas in the left column. The second row
shows average maps of the first row, which can be compared to the measured maps
of the third row. The first row uses 49-µm step sizes on the left and 16-µm step
sizes on the right. The second and third rows use 148-µm step sizes on the left and
49-µm step sizes on the right [34].
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Gaussians, each with a 47-µm FWHM. We measure a step size of 16 µm by indi-
vidually imaging neighboring DMD mirrors (Fig. 3.4). This step size is consistent
with the pitch of the DMD mirrors, and the 1.2 magnification from the DMD to the
cathode.
3.4 Conclusion
QE maps are characterized by step size, spot size, and ease of generation.
PEEM offers the smallest distance between adjacent points on a QE map, but
requires the cathode to be removed from a photoinjector. Laser raster scanning can
be done in place, but only permits measurements with a single laser spot size barring
significant optical realignment. We have demonstrated that a DMD can be used for
variable step size QE mapping, which allows for a quick large step size (150 µm)
map of the entire photocathode surface followed by a small step size (16 µm) map
of the smaller region to be illuminated for photoinjection.
A larger field of view is possible if sufficient power is transmitted to the cathode
when the laser beam is expanded to fill the DMD. Power to the cathode could be
increased by redesigning the system so as to accept higher-order diffraction spots
reflected from the DMD. A chopper and lock-in amplifier were tested, and could be
used to detect smaller photocurrents, but were not needed for the results presented
here. Power measurements are currently not a concern, since the CCD can easily
detect per-pixel laser power three orders of magnitude less than reported here. DMD
mirror switching, laser power and photocurrent measurements have been automated
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Figure 3.4: The peaks from two neighboring DMD mirrors are 16 µm apart. Since
the measurements are not space charge limited, the difference in power from the two
mirrors has no effect on measured QE [34].
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to accommodate the increased number of data points for small step size, large field
of view maps. A screenshot of this program is shown in Figure 3.5.
Commercially available DMDs are at present not optimized for sub-320 nm
use. However, with the advent of new advances in DMD fabrication and/or the use
of windows which are transmissive down to 266 nm, DMDs may soon be available
for measuring QE in the deep UV with small step size [36]. Such a capability would
allow a direct application of the technique presented here to cathode materials such
as copper.
The DMD permits the generation of a QE map with a step size of 16 µm and
a spot size of 47 µm, which betters the lowest reported by laser rastering. The
DMD allows rapid in situ QE mapping without the need to move the drive laser or
any other optical components. QE map step size and laser spot size can be easily
adjusted. This is a promising method for probing the spatial electron emission
characteristics of photocathodes∗.
∗This chapter, with minor revisions, has been previously published by the author in [34]. At the
request of the publisher, the DOI for this work is displayed here: 10.1103/PhysRevSTAB.16.062802
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Figure 3.5: Automated QE mapping program. Simulated photocurrents are used
for low drive laser power testing, but the powers are measured. For the two images
in the upper right corner, the left image is that recorded by the camera. The right
image shows what region the software is including in its integration to calculate total
power. The QE map on the lower left is generated using the simulated currents and
measured powers.
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Chapter 4: Cesium Auride
4.1 Introduction
We have so far extended the lifetime of a cesiated tungsten cathode, and
developed a technique for measuring the uniformity of quantum efficiency. In this
chapter, we address the most fundamental aspect of photocathode research – testing
new cathode materials. We focus on cesium auride, which we have shown to have a
quantum efficiency of 0.7% at 532 nm, and which we believe will be compatible with
our hybrid cesium diffuser design discussed in Chapter 2. This QE is more than an
order of magnitude greater than that found in previous experiments.
These results are promising for use in a megawatt-class free electron laser,
which calls for a cathode capable of delivering 2% QE for a green drive laser [24].
The current state of the art in FEL output power is 14 kW at Jefferson Lab. The
photocathode is one of the limiting factors for increasing output power, so being
able to provide a long-lasting cathode with good green QE would be a major ad-
vancement.
Gold is well suited for use with our hybrid dispenser because of cesium’s un-
usual interaction with gold. For most bulk metals, cesium will remain on the cathode
surface. Typically 50 to 60 percent of a monolayer coverage leads to the dramatic
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increases in QE due the dipoles formed. With gold, however, cesium forms an in-
termetallic alloy and develops semiconductor properties [37]. So cesium affects not
only the surface of gold, lowering the effective work function, it also improves the
likelihood of a photo-excited electron reaching the cathode surface, as discussed in
Chapter 1.
4.2 Experimental Setup
To perform our experiments with cesium auride, we constructed the gold evap-
oration system seen in Figure 4.1. An electric current of 84 A was run through a
molybdenum (Mo) boat holding gold pellets. (We first used a boat made of tanta-
lum, but at high temperature a hole formed in the boat, and we did not evaporate
gold.) The gold evaporated onto a tungsten cathode which was held in place with
a steel ring inside the vacuum chamber and a magnet outside. The cathode was on
a viewport which allowed us to see the boat and let us know when gold started to
evaporate.
20 minutes after the gold started to evaporate, the viewport was opaque. After
a total of 44 minutes of evaporation, we stopped running current through the boat.
At this point, pressure in the turbo-pumped system was 10−4 Torr.
We removed the cathode and used profilometry to scan the boundary between
gold-coated and uncoated regions at several points. The gold layer was 500±50 nm,
and covered all of the cathode except for the outer edge which was shielded by the
steel ring.
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Figure 4.1: Gold evaporation system [38].
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The cathode was placed in our QE test stand, and we followed our usual
bakeout procedure. The cathode was heated to 700◦C. After letting the cathode
cool, the ion-pumped chamber pressure dropped to 2 nTorr.
When heated, a cesium bismuth source pointed at the cathode releases elemen-
tal cesium. A quartz crystal microbalance near the cathode and facing the source
allows us to measure the amount of cesium deposited on the cathode surface.
Five small CW lasers on a computer-controlled single-axis robotic stage illu-
minate the cathode in turn, allowing the measurement of QE from the near-IR to
the near-UV. The lasers have powers on the order of 10 mW, and their wavelengths
are 808, 655, 532, 405, and 375 nm.
4.3 Results
We deposited 330 nm of cesium on the cathode, causing an increase in QE
which eventually peaked and decreased again, as seen in Figure 4.2. This behavior
of the QE is similar to what is observed in metals like tungsten, but requires far
more cesium. For tungsten, we see a similar curve using only 1 nm of cesium.
More cesium is needed because it is diffusing through the gold. As the cesium
moves farther into the gold, it is forming the intermetallic alloy with semiconductor-
like properties. As discussed in Chapter 1, this means there is less electron-electron
scattering, so a photo-excited electron has a better chance of reaching the cathode
surface. Since the longer wavelength photons penetrate deeper into the cathode as
seen in Figure 4.3, it takes more cesium to form the intermetallic alloy to this depth
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Figure 4.2: Quantum efficiency goes through peaks as more cesium is deposited.
Data was taken for the five wavelengths indicated. There was some photoemission
at 808 nm but the QE peaked at 0.0001%. The QE is highest for the highest photon
energy 375 nm light, and is successively lower for the longer wavelength lights [38].
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from the cathode surface. Evidence of this effect can be seen in Fgure 4.2, where the
UV (375 nm) QE peaks first, since the light has the shortest penetration depth. The
other QE peaks are in increasing penetration depth order, seen most dramatically
for red light (655 nm).
By watching when photoemission began for each wavelength of light, we could
tell what the work function of the cathode was at those points, as seen in Figure
4.4. The work function of the cathode was less than 1.53 eV, which is the energy
corresponding to 808 nm light.
Cesium auride was previously studied by Spicer in the 1960s [40], but no further
study was conducted due to the low QE as seen in Figure 4.5. We attribute the
discrepancy in QE to the differnce in preparation method. Spicer was attempting to
grow cesium auride with a 1:1 stoichiometry. We do not know what are stoichiometry
was, but our results indicate it is much more favorable for photoemission.
4.4 Conclusion
Our results with cesium auride so far encourage further testing. A future
series of tests will try testing cathodes with different thicknesses of gold, with the
goal of maximizing quantum efficiency. To this end, we designed and machined the
multi-cathode holder shown in Figure 4.6, which allows us to reduce the number of
vacuum breaks needed. Furthermore, our robotic stage allows us to measure QE
of either set of three cathodes in a line just by inserting the corresponding stage
coordinates into the LabVIEW program. (The lasers would have to be re-aligned
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Figure 4.3: Penetration depth data from [39] for different photon energies [38].
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Figure 4.4: Photoemission thresholds indicating the cathode work function at those
points. From this we know the final work function of the cesium auride cathode was
less than 1.53 eV [38].
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Figure 4.5: Quantum efficiency of cesium auride from Spicer [40] and UMD [38].
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to hit the second row of cathodes.) We can use this cathode holder to test different
fabrication recipes on relatively inexpensive tungsten cathodes. Once the ideal gold
thickness if found, we can then test cesium auride with the hybrid diffuser cesium
reservoir discussed in Chapter 2.
The ready diffusion of cesium through gold indicates that a cesium auride
cathode should be compatible with a cesium reservoir. We have already shown a
QE of 0.7% for green light, and we could potentially increase this number through
optimizing the thickness of gold. Cesium auride is a promising candidate for a
high-QE, long-lifetime photocathode∗.

































































































Through the work described in this dissertation, we have advanced the study of
photocathodes. Our hybrid diffuser cesium reservoir photocathode has shown great
robustness and long lifetime. Scanning quantum efficiency across a cathode’s surface
with a DMD is permits high resolution, in situ maps to be made. Our rediscovery
of cesium auride and its compatibility with our cesium reservoir indicates that it is
a strong candidate for a high QE, long-lifetime photocathode.
5.1 Summary of Results
5.1.1 Hybrid Diffuser Cesium Reservoir Photocathode
We have advanced the pioneering work on cesium reservoirs already performed
at UMD [10]. We already knew that a cesium reservoir could be used to restore
the sub-monolayer coating of cesium to the surface of a sintered tungsten powder
cathode, thus allowing QE to remain high. By adding a second layer composed of
sintered tungsten wires, the gaps between which are uniformly distributed pores,
we are able to more evenly distribute cesium on the cathode surface. The sintered
tungsten powder layer acts to limit the diffusion rate of cesium, which our modeling
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showed would be too high if only the sintered wires were used.
We were able to rejuvenate our hybrid dispenser cathode many times. Even
after allowing the already activated cathode to sit in air for several hours, we were
still able to return the cathode to UHV and replenish the surface, returning elevated
QE. At the optimum operating temperature 125◦C, our measurements indicate a
predicted lifetime of 30,000 hours. The cesium flow rate when hot is a third of a
monolayer per hour. For our QE test stand, we do not need to worry about this
rate. However in a photoinjector, where the electrons would be accelerated to high
energies, cesium can lower the work function of cavity walls, thus increasing the risk
of electric breakdown (arcing).
5.1.2 QE Mapping with a Digital Micromirror Device
Mapping the quantum efficiency of a photocathode, as well as knowing the
profile of the drive laser, allows one to determine what the initial transverse dis-
tribution of electrons will be. QE maps are usually made via in situ laser raster
scanning, or by PEEM in a separate apparatus.
Our DMD-generated QE maps are made with a step size of 16 µm and 47 µm
FWHM spot size, which is an improvement over conventional maps made with laser
raster scanning (step size 40 µm, spot size 200 µm). Another benefit of using a
DMD is that scanning resolution can be easily changed without needing to adjust




While cesiated tungsten has much higher QE than bare tungsten, its peak QE
is only 0.03% for green light. Cesium diffuses through gold, instead of remaining on
the surface as with most other metals.
In our initial tests, the intermetallic alloy of cesium auride has a peak QE of
0.7% for green light. Furthermore, cesium auride should be fully compatible with
our cesium reservoirs, thus allowing for a long lifetime.
5.2 Future Work
There is still more work to be done to follow up on the results presented
here. An osmium-ruthenium coating has long been used in the thermionic cathode
community to increase the electron yield, so we would like to test this coating with
our hybrid diffuser desgin. Alkali antimonide cathodes like Na3Sb also have high
QE, and should be tested for compatibility with our cesium reservoir.
While our QE maps made with a DMD offer good resolution, advances need
to be made before larger field of view maps can be generated. Our drive laser
currently only covers a small area of the DMD surface. If we expanded the beam
to cover the whole surface, with our setup we would not be able to measure the
smaller photocurrents when using single DMD mirrors. To deliver more power to
the cathode, we could use a higher-power laser. We could also redesign the optics
to capture higher-order diffraction spots from the DMD (we currently only capture
the central, brightest spot). In our measurements, we had to use an OD 3 neutral
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density filter to avoid saturating the camera used to monitor the laser power and
position, so we should be easily able to measure optical powers three orders of
magnitude smaller.
Our initial tests with cesium auride are very promising, but there is room for
improvement. We arbitrarily chose a thickness of gold much larger than the optical
penetration depth of cesium. We should be able to repeat the results using less
gold, and we should investigate thicknesses at or less than the penetration depths
for higher QE.
5.3 Final Thoughts
Photocathodes offer several stengths as electron sources, such as high bright-
ness and the ability to turn emission on and off with the drive laser, which is useful
for RF accelerators. When choosing a photocathode, we usually have to decide
between long lifetime and high quantum efficiency. Our cesium reservoir cathode
design offers the potential to have both.
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Appendix A: Emittance
There are several definitions of emittance. We will talk of three definitions
of transverse emittance here, but other works may use the same words to refer
to different definitions. The three definitions of transverse emittance here are all





f(x, x′) dx dx′ (A.1)
with f(x, x′) being the distribution of electrons.
An issue with total emittance is that it is conserved under both linear and
nonlinear forces. In Fig. A.1, the total area of occupied phase space is constant,
yet the beam at the last time step occupies a greater effective area. So we define
effective x-emittance to be
εx = 4
√
〈x2〉〈x′2〉 − 〈xx′〉2 (A.2)
with units of mm-mradians. The factor of 4 is so that effective and total emittance
are the same for an ideal ellipse. RMS emittance is the same expression without
the factor of 4. Effective emittance does increase when the electron beam is subject
to nonlinear forces, so it is a better indicator of beam quality. The emittances are
summarized in Table A.1.
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Figure A.1: Progressive distortion of the transverse direction r trace-space ellipse
during beam propagation through a periodic channel of thin lenses with spherical
aberrations. The numbers associated with each figure indicate the lens periods that
have been traversed [12].
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Conserved under Conserved under
Type Symbol linear forces? non-linear forces?
Total emittance εt Yes Yes
RMS emittance ε̃ Yes No
Effective emittance ε = 4 ∗ ε̃ Yes No
Table A.1: Comparison of emittance definitions [41].
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